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Calculated fold angles for a fold-up stack of 10/120/50/10 nm Cr/Au/Cr/Au (blue) and a fold-down stack of 10/120 nm Cr/Au (red). This stack is advantageous for at least two considerations; 1) a common base layer of Cr/Au is shared among fold-up and folddown hinges and 2) significant folding is predicted for relatively short hinges (i. 19, 20 or other materials could allow for the design of reversible or multi-use actuators.
The following sections describe the design and fabrication of our strain-powered microelectromechanical system (MEMS) switch. Section 1.1 covers the switch design and functionality, and introduces a stress model used to design the residually stressed thin-film hinges. Section 1.2 details the fabrication process and Section 1.3 covers the electrical characterization methods used to probe the devices. Section 2.1 describes the results obtained for device electrical characterization. Section 2.2 details the fabrication challenges encountered and the design and process changes that resulted. We draw conclusions in Section 3 and include two process sheets to describe our two main fabrication approaches in the Appendices.
Design
The switch devices were designed in AutoCAD with variations in hinge length and width. Each switch contained three hinges based on thermally evaporated, residually stressed films. Two hinges were designed to fold up-at a "hip" joint and an "ankle" joint-while a center hinge was designed to fold down at a "knee" joint and make electrical contact with an electrical line. The folding up of the "ankle" was designed to insure good contact over the entire area of the switch "foot." The switches were fabricated on a silicon (Si) wafer using microfabrication techniques. A final polymer layer was designed to prevent the switch from triggering until activated by an optical source. As covered in past reports, 21, 22 a laser could heat the polymer to a critical temperature of 60 °C, soften the polymer layer, and in this design allow the pre-stressed layer to electrically connect two electrical traces and close the circuit. The "hip" joint was not covered with the polymer trigger layer, so that the switch would release upward after a Si dry etch with xenon difluoride (XeF 2 ) . This release step allowed a physical clearance between the switch and electrode line, which could be maintained until activated.
In order to determine suitable switch dimensions, thin-film thicknesses, and deposition sequence, we used a previous multilayer beam bending model 23, 24 to predict fold angles given a choice of practical switch dimensions and layer thicknesses. Figure 1 shows the calculated fold angles for the "fold-up" stack of 10/120/50/10 nm chromium (Cr)/gold (Au)/Cr/Au (blue); and "fold-down" stack of 10/120 nm Cr/Au (red). This stack is advantageous for at least two considerations: 1) a common base layer of Cr/Au is shared among the fold-up and fold-down hinges; and 2) sufficient folding is predicted for relatively short hinges (e.g., 45° at a 25-µm hinge length). The Au layer was used in initial process runs involving an electroplating process step in which a conductive Au base layer was required. Process runs using only lift-off and no Au plating did not require this Au layer. Figure 1 shows a predicted fold angle between 20° and 50° for hinges ranging between 10 and 40 µm in length. Three design knobs used for obtaining desired folding are thus film thickness, deposition sequence, and hinge length. and a fold-down stack of 10/120 nm Cr/Au (red). This stack is advantageous for at least two considerations; 1) a common base layer of Cr/Au is shared among fold-up and fold-down hinges and 2) significant folding is predicted for relatively short hinges (i.e., 45° at 25 µm).
Fabrication
We fabricated devices over 10 process iterations resulting in 26 wafers in total, characterized by two general fabrication approaches. In the first fabrication approach, depicted in Fig. 2 , due to the use of multiple evaporation layers and the use of Au plating to define rigid segments between each hinge section, we used ion milling to pattern many of the features. The second approach, shown in Fig. 3 , simplified the fabrication process by removing the Au plating steps, and replacing the ion mill steps with acetone-based lift-off. We were able to perform lift-off since an Au base layer was no longer required for the Au electroplate step. In Fig. 2a , we deposited 100-200 nm Au contacts using the Evatec evaporator and patterned the Au contacts through lift-off. In Fig. 2b , we deposited 200-400 nm of sacrificial Si using the Evatec evaporator and patterned the sacrificial layer with lift-off. In Fig. 2c , we used the physical vapor deposition (PVD) evaporator to blanket deposit 70 nm of Cr and 150 nm of Au nominally as the fold-down layer. In Fig. 2d , we evaporated 200 nm of Cr and 50 nm of Au nominally as the fold-up layer and patterned through wet etching or ion milling. In Fig. 2e , we electroplated Au rigid sections or frames ranging in thickness from 0.25-4 µm through patterned photoresist.
In Fig. 2f , we used wet etching or ion milling to pattern the switch. In Fig. 2g , we spin coated and developed 1827 photoresist over the hinges. In Fig. 2h , we performed XeF 2 dry etch of the sacrificial Si to release the switch at the hip joint.
The MEMS switch shown in Fig. 3 was fabricated using fewer steps. In Fig. 3a , we deposited 100-200 nm Au contacts using the Evatec evaporator and patterned the Au contacts through liftoff method. In Fig. 3b , we deposited 200-400 nm of sacrificial Si using the Evatec evaporator and patterned the sacrificial layer with lift-off. In Fig. 3c , we evaporated 200 nm of Cr and 50 nm of Au nominally and patterned it through lift-off as the fold-down layer. In Fig. 3d , we evaporated 200 nm of Cr and 50 nm of Au nominally as the fold-up layer and patterned it through lift-off. In Fig. 3e , we spin coated and developed 1827 photoresist over the hinges. In Fig. 3f , we performed XeF 2 dry etch of the sacrificial Si to release the switch.
Electrical Characterization Methods
Device characterization was performed with a 4-point probe station, using a Keithly power supply in 4-sense configuration mode. A current was supplied across the microswitch and voltage was probed, which allowed the Keithly unit to simultaneously record a reading for resistance. Probing was performed at 10-100 mA DC, with voltage threshold set to 2 V max. In characterizing the switches, an infinite resistance indicated an open circuit, which was the case for released devices.
Results and Discussion
Electrical Characterization
As shown in Fig. 4 , the resistance of as-fabricated devices ranged from 100-170 ohms and between 20-60 ohms after 30, 60, and 90 cycles of dry etch. Switch resistance dropped to approximately 40 ohms after 30 cycles of XeF 2 etching and remained unchanged after 60 and 90 cycles. This measurement, in conjunction with visual observation that the test cantilevers released, confirmed that the sacrificial Si was etched away after 30-60 cycles. In each process run, we used a 10-nm Ti adhesion layer prior to evaporating the 400-nm sacrificial Si layer. After dry etching, the 10-nm Ti adhesion layer remained over the Au contact, which likely contributed to the higher resistances measured for these devices. In future processes, we could most likely reduce this adhesion layer thickness to achieve smaller resistances for switched devices. 5 , fully open switches were prevented by an edge anchoring problem due to insufficient tolerance between designed layer features. Figure 5 shows a scanning electron microscopy (SEM) image of a switch after dry etching for 60 cycles corresponding to the measurements reported in Fig. 4 and a fabrication run carried out using the ion mill patterning steps and electroplating. This SEM shows that although the switches being probed appeared to be released in the region between the electrical contacts, as indicating by slight bending in the upward and downward directions in the hinge regions designed to bend in those directions, the rightmost contacts were anchored throughout the electrical measurements. This problem and its remedy are discussed in the next section. Still, we used these results as a quantitative method to verify that the sacrificial Si layer was removed and the switches were released, despite the fact that they were partially anchored in the wrong place. 
Fabrication Challenges
Each fabrication run revealed problems that ultimately required both major and minor design changes for subsequent process runs. Sacrificial Si adhesion issues early on allowed us to determine that a 10-nm Ti adhesion layer was necessary prior to Si evaporation in the Evatec evaporator. Hinge anchoring after dry etching required an extension of the sacrificial Si layer through AutoCAD redesign and mask rewrites. Both of these are examples of minor process changes that we initiated throughout the switch development. More significant process changes implemented were described previously in Figs. 2 and 3, and included complete removal of some process steps such as ion milling and wet etching and replacing them with lift-off patterning. In the paragraphs that follow, we detail the process evolution that ensued from the discovery of design or fabrication challenges from each fabrication run.
Our initial process iterations involved a blanket metal evaporation of residually stressed Cr/Au films, followed by photoresist patterning and wet etching using dilute 4:1 deionized (DI) water:CR-9 for Cr, and dilute 4:1 DI water:GE-8148 with KI surfactant for Au. Wet etching undercut the switch features, removing significant amounts of the thin films required to actuate the switches. Multi-step wet etching also showed poor selectivity, resulting in non-selective etching of the Au electrical contacts that were lifted off in the previous step. Figures 6 and 7 show optical microscope and SEM images of a switch after wet-etching, where wet etch undercutting and non-selective etching is apparent. The SEM image makes it very apparent that in the worst case, Au contacts can be etched away almost completely. The electroplated Au frames were also attacked at the edges from the wet etching. After demonstrating that wet etching was not a suitable process step, we investigated ion milling as an alternative for patterning the switch features. Therefore, in successive process iterations, we patterned the Cr and Au films through ion milling using the 4-wave 4W-PSIBE Ion Beam Etch System. Figure 8 shows an SEM of a switch patterned by ion milling. The ion milling step was superior to wet etching in several ways: 1) switch feature undercutting was not observed, 2) the Au contacts were left intact, and 3) a precise switch geometry remained after the milling. After we were able to achieve successful patterning of the switch features through ion milling, the next process step was patterning and electroplating Au frames. For this, we included an electroplate step in which a rigid Au frame between 0.25 and 4 µm thick was patterned between the hinges. Figure 9 shows another processing challenge that we encountered. Here, test cantilevers designed to release upward after a dry etch were only partially released along the topmost edge. We determined that the second PVD evaporated layer overshot the first due to registration error, causing the cantilever to be partially anchored along this top edge. This required us to make an AutoCAD and mask design revision reducing the dimension of the second PVD step so that it did not overlap the underlying structure even with some level of error in registration between layers. Fig. 9 Array of test cantilevers on Au contacts after dry etch release showing uniform folding upwards; the top edge appears to be anchored to the substrate, which necessitated a mask rewrite after reducing dimensions of the second PVD step
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Another fabrication challenge was thin-film hinge shearing at the contact edge due to an abrupt sacrificial Si layer edge. Figure 10 shows an example of a test switch that was sheared upon dry etch release. Figure 11 shows that this shearing is not observed when Au contacts are not patterned directly beneath the switch for an array of test structures without such Au contacts since there is no longer an abrupt step height in this case. Figure 11a shows an SEM array of 60-µm cantilevers with uniform release corresponding to a metal stack of 10/120/50/10 nm Cr/Au/Cr/Au. Figure 11b shows uniform dry etch release of 40-µm cantilevers with Au electroplated on the end. The inset shows a magnified view representing the array of released switches without Au contact underneath. Figure 11c shows released SEM array of test devices without the Au contact underneath. The inset shows a higher magnification view representative of the test structure array. Figure 11d shows a single dry etch released test device exhibiting the desired folding for our residually stressed switch from the ion milling and electroplating process. Figure 12 shows a full switch that sheared upon dry etch release from the electroplating and ion milling process. To attempt to overcome this shearing issue, we reduced the Au contact thickness from 200 to 100 nm, and increased the sacrificial layer thickness to 400 nm in order to smooth out the step height profile. We also introduced quality checks to ensure that resist is developed in these regions. Fig. 10 Problems encountered during the lift-off process run; underdeveloped resist causing the switch to be anchored (left), thin-film shearing at the contact edge (right), and thin-film edge anchoring (right). Geometry design changes were made to correct for these issues in subsequent process runs. We eventually realized that the electroplated rigid segments between hinges may not be essential, and therefore, we did not need Au electroplate steps in subsequent process iterations. Without Au electroplating, the evaporation of a base Au layer also became unnecessary. Without this requirement, we determined that lift-off could then be used for all patterning steps in microfabricating the switch. The latest switch process as depicted in Fig. 3 was much simpler to fabricate, resulting in quicker fabrication turnaround while eliminating steps prone to causing issues. Figure 13 shows a fabricated switch patterned using only lift-off following the process depicted in Fig. 3 , although the shearing problem was still evident. For this particular fabrication run we reverted to thinner hinges to obtain better folding. Hinges here were 190 nm thick in the fold-up hinge. The Au contacts were 120 nm and Si was 400 nm. As a result of a reduction in film thickness, we run into the shearing problem again.
A good result with the devices in Fig. 13 was that hinge folding angles were relatively close to those predicted by the model. For a hinge length of 20 µm for this particular film stack, a 25° fold-up angle is predicted by the model. In reality, the actual fold appears to be 45°, which is somewhat near the prediction. The predicted fold down for a 20-µm hinge is 35°, which is also somewhat near the actual fold down of 45° here. One key model input over which we have less control is the actual film residual stress, which may account for some of the discrepancy here. However, it does appear that the switch needs a larger folding radius in the fold-down ankle region in order to make contact with the line out. This will be addressed in future process iterations. Figure 14 shows released Cr/Au cantilevers from the lift-off only process, corresponding to a fabrication run using the 10/120/50/10 nm Cr/Au/Cr/Au deposition sequence reported above. Cantilevers of 10, 30, and 60 µm are shown, demonstrating folding angles of 20°, 90°, and 180°, respectively, where the 60-µm cantilevers have curled back on themselves. This is in comparison to the model, which predicts folding angles of 20°, 40°, and 60° for the Cr/Au/Cr/Au stack of 10/120/50/10 nm and given hinge lengths. Therefore, we see good agreement between the predicted fold and actual fold for this particular stack for hinges that are 20 µm or less. The agreement becomes considerably worse for hinges longer than 20 µm, with actual cantilevers folding more than predicted by the model. However, since we obtain practical folding angles with just 10-20 µm hinge lengths, there is no requirement for hinges longer than this; especially since these longer hinges have been shown to curl back onto themselves. Figure 15 shows SEM images for fully released switches from the lift-off only process. Here, we were able to demonstrate both fold-up and fold-down joints, as well as a full switch with complete release. The fold-up stack for these devices is 10/120/50/10 nm Cr/Au/Cr/Au corresponding to a thin-film thickness of about 200 nm. For this process run, Au contacts were reduced from 200 nm to 100 nm and the sacrificial Si layer was 400 nm from the previous runs. This adjustment appears to have smoothed out the contact edge enough to allow for complete release of the switch. However, the fully released switch does not make contact with the line out. This switch's 15-µm fold-up hinge creates more than enough clearance, but the 15-µm folddown hinge does not provide enough folding to contact the line out. A longer fold-down joint or a shorter fold-up joint is likely necessary in order to close the switch. Future process runs will include fold-down hinges longer than 15 µm to obtain a larger folding radius or shorter fold-up hinges.
We also observe that when folded, switches from the lift-off only process exhibit some degree of twisting. Twisted switches were not observed for the electroplated switches, since the rigid frame only allowed the hinges to bend in one direction. In order to address the switch twisting in future process runs, we will evaporate thicker rigid Au frames in place of the electroplating step and pattern them with lift-off. We will also investigate different switch widths to help ensure that the boundary condition along the fixed edge constrains bending in one direction, rather than allowing bending in multiple directions as shown. These improvements should result in switches that fold more characteristically like those in Fig. 12 , as desired. 
Conclusions
We have reported on the evolution of roughly 10 fabrication runs for a residually stressed MEMS switch using standard microfabrication methods, which collectively involved the processing of 26 wafers. We discovered process steps that had detrimental effects to the switch's operation and have implemented design changes to account for factors affecting the switch's operation. We have taken an initially rather complex, process-intensive design involving six photo masks, lift-off, electroplating, and ion milling and reduced it to a process requiring only five photo masks and lift-off as the only patterning method. Through a more simplistic fabrication approach, we reduce the amount of issue-laden processing steps and ultimately demonstrate a fully released switch with folding in reasonable agreement to a thin-film bending model.
We will continue development on the switch and ultimately plan to demonstrate optical actuation. Upon successful demonstration of optical actuation of our thin-film, residually stressed MEMS switch, we also plan to demonstrate wavelength specific actuation by using photo-selective photoresists from Fujifilm. Thus, the choice of resist will determine the wavelength selectivity and sensitivity to illumination levels of the switch. Simultaneous efforts will involve the development of a thin-film SMA co-sputtering process, which will be used as a switch biasing mechanism to demonstrate reversible actuation of our MEMS switch. PVD evaporator (fold-down layer) a.
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